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Abstract
We compute the next-to-leading order corrections to the cross section for the
production of electroweak gauge bosons (Z, W± and γ∗) with large transverse
momentum in double (longitudinally) polarized hadronic collisions. The calculation
is fully performed in the HVBM scheme within dimensional regularization with
a careful treatment of issues arising due to the appearance of γ5 in polarization
projectors and axial couplings.
We study the phenomenological consequences of the NLO corrections at the level
of both the double polarized cross section and the corresponding asymmetries at
RHIC kinematics.
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1 Introduction
Over the last decades, our understanding of hadron structure has remarkably improved thanks
to impressive experimental and theoretical progress. In particular, there is currently much
activity aiming at further unravelling the nucleon’s spin structure.
As is well known, the total quark and anti-quark spin contribution to the nucleon spin
was found to be only about ∼ 25%[1, 2, 3], information that has been mostly provided by
Deep-Inelastic scattering (DIS) data.
One emphasis is on the determination of the spin-dependent gluon distribution, ∆g, of the
nucleon, which ultimately would give the gluon contribution to the nucleon spin. Clear evidence
for a non-vanishing polarization of gluons was found in the region of momentum fraction and at
the scales mostly probed by the BNL Relativistic Heavy Ion Collider (RHIC) data [1]. But from
the available results it is not possible yet to set a precise value on the total gluon contribution
to the proton spin and to the flavor decomposition of the quarks †.
Spin asymmetries in high-energy pp scattering can be particularly sensitive to ∆g, for pro-
cesses where gluons in the initial state contribute already at the lowest order of perturbation
theory. Furthermore, the Drell-Yan process, the production of vector bosons [6, 5], has been
shown to be very relevant to help for quark flavor separation, since quarks couple differently to
both W± and Z bosons [7].
Therefore, one particularly interesting process that satisfies both requirements is the single-
inclusive production of large transverse-momentum (qT ) vector bosons, pp→ V X, that can help
to provide information on both ∆g and the flavour decomposition of the quark contribution.
In order to make reliable quantitative predictions for a high-energy process, it is crucial to
determine the next-to-leading order (NLO) QCD corrections to the Born approximation. In
general, the key issue here is to check the perturbative stability of the process considered, i.e.
to examine to what extent the NLO corrections affect the cross sections and spin asymmetries
relevant for experimental measurements. Only if the corrections are under control can a process
that shows good sensitivity to, say, ∆g at the lowest order be regarded as a genuine probe of
the polarized gluon distribution and be reliably used to extract it from future data.
In the particular case of (large transverse momentum) gauge boson production another
perturbative issues appear due to the existence of two physical scales, the transverse momentum
qT and the ‘mass’ Q of the boson (or its virtuality, specially in the case of photon production).
In the large-qT region (qT ∼ Q), where the transverse momentum is of the order of the
vector boson mass, the QCD perturbative series is controlled by a small expansion parameter,
αs(Q), and calculations based on the truncation of the perturbative series at a fixed order in
αs are theoretically justified. In this region, the QCD radiative corrections for the unpolarized
cross section are known up to the next-to-leading order (NLO) [8, 9, 10] in an analytical
form and next-to-next-to-leading order (NNLO) corrections were recently obtained in numerical
implementations in [13]–[19]. In the polarized case, a first attempt to achieve the cross section
at NLO accuracy for virtual photon production was presented in [20], where only the non-
singlet contribution was obtained. The full NLO result for the double polarized cross section,
including the relevant gluon initiated channels, was missing so far.
Nonetheless the bulk of the vector boson events (particularly at RHIC with a center-of-
mass energy of
√
S = 510 GeV) is produced in the small-qT region (qT  Q), where the
convergence of the fixed-order expansion is spoiled by the presence of large logarithmic terms,
αns ln
m(Q2/q2T ). To obtain reliable predictions, these logarithmically-enhanced terms have to
†See [4] for an analysis of the proton spin budget at three loops.
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be systematically resummed to all perturbative orders (see e.g.[11],[12] and references therein).
But even in that case, the fixed-order calculation becomes essential in order to perform the
proper matching with the resummed contribution, affecting the full result even at rather small
transverse momentum. Furthermore, since the small-qT region is mostly affected by soft gluon
emission, which is independent on the polarization of the emitting parton, the resummation
typically affects both polarized and unpolarized cross section in a rather similar way, rendering
a very small effect at the level of asymmetries.
Therefore, counting with the NLO corrections for polarized hadronic collisions becomes
fundamental in both kinematical regimes in order to understand the data produced at RHIC
and to extract the corresponding information in terms of polarized partonic distributions. In
this paper we compute the NLO corrections to the cross section for the production of gauge
bosons (Z, W± and γ∗) with large transverse momentum in double (longitudinally) polarized
hadronic collisions.
The paper is organized as follows. In Sect. 2 we briefly review the procedure to compute the
NLO corrections with emphasis on the issues arising due to the treatment of γ5 in dimensional
regularization. In Sect. 3 we present the analytical results for the NLO corrections for gauge
boson production (some of the lengthly functions are given in the Appendix). In Sect. 4 we
study the phenomenological impact of the NLO corrections at RHIC kinematics, including the
measurable double longitudinal asymmetries. Finally, in Sect. 5 we summarize our results.
2 Cross Section Calculation
2.1 Inclusive cross section
We calculate the inclusive cross section of electroweak boson production in the framework of
perturbative QCD, considering the case of both polarized and unpolarized initial hadrons. The
process is described as
h1(P1) + h2(P2)→ V (Q) +X, (1)
where hi, i = 1, 2 are the polarized/unpolarized initial hadrons with momenta Pi, and V is
either a W±, Z0 or virtual photon γ∗ with Q2 = M2V , energy EQ = Q
0 and large transverse
momentum qT with respect to the collision axis. The unpolarized σ and polarized ∆σ cross
sections are obtained from the sum or difference of helicity-dependent cross sections given by
σ =
1
4
(
σ++ + σ+− + σ−+ + σ−−
)
, (2)
for the unpolarized case, and
∆σ =
1
4
(
σ++ − σ+− − σ−+ + σ−−) , (3)
for the polarized one. Here the superindices +,− denote the helicities of the two incoming
hadrons.
The inclusive (polarized) unpolarized cross section can be expressed as
EQ
d(∆)σ
d3Q
=
∑
a,b
∫ 1
0
dxa dxb (∆)f
h1
a (xa, µ
2
F ) (∆)f
h2
b (xb, µ
2
F ) EQ
d(∆)σˆa,b
d3Q
(pa, pb, µ
2
F ). (4)
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Here (∆)fha (x, µ
2
F ) is the (polarized) unpolarized parton distribution function (PDF) of parton
a with momentum fraction x in hadron h, probed at the scale µ2F , which are given by the
combinations
fa(x, µ
2
F ) = f
+
a (x, µ
2
F ) + f
−
a (x, µ
2
F ), ∆fa(x, µ
2
F ) = f
+
a (x, µ
2
F )− f−a (x, µ2F ). (5)
In this case, the superindex +,− denotes de helicity orientation of the parton a with respect
to the helicity of the parent hadron. The perturbative (polarized) unpolarized cross section
(∆)σˆa,b(pa, pb, µ
2
F ) corresponds to the hard-scattering partonic process
a(pa) + b(pb)→ V (Q) +X, (6)
where pi represents the parton momentum. Here collinear singularities due to the radiation
of massless partons are factorized out at the scale µ2F and included in the scale dependent
(polarized) unpolarized PDFs (∆)fha (x, µ
2
F ).
The partonic momenta can be described in terms of the hadronic ones using the relation
pi = xiPi. As it is customary, we introduce the Mandelstam variables for both the hadronic
and partonic levels
S ≡(P1 + P2)2, T ≡ (P1 −Q)2, U ≡ (P2 −Q)2,
s ≡(pa + pb)2, t ≡ (pa −Q)2, u ≡ (pb −Q)2,
S23 ≡ S + T + U −Q2, s23 ≡ s+ t+ u−Q2.
(7)
S and s are the hadronic and partonic invariant center-of-mass energies squared of the colliding
system, respectively, while s23 is the invariant mass squared of the system recoiling against
the boson V . The partonic cross section σˆa,b has a singular behaviour in the limit s23 → 0
related to the cancellation of singularities due to soft gluon emission in the recoiling system
and virtual gluon infrared singularities. However, the cross section is actually integrable and
the 1/s23 terms can be dealt with the following change of variables in the momentum fraction
integration∫ 1
0
∫ 1
0
dx1 dx2 θ(s23) θ(p
0
1 + p
0
2 − EQ) =
∫ 1
B
dx1
1
x1 S + U −Q2
∫ A
0
ds23, (8)
where the new integration limits are given by
A = U + x1 (S23 − U), B = − U
S23 + U
. (9)
2.2 Perturbative calculation techniques
The analytical procedures to compute the perturbative cross section are already well estab-
lished. At the lowest order (LO) only two channels contribute, as depicted in Fig.1: the
annihilation process qq → V g (a) and the Compton process qg → V q (b). At the following
order (NLO) virtual and real contributions must be considered. In this case, there are four
contributing channels: the process initiated by a quark and an antiquark qq → V (qq, q′q′, gg),
the one initiated by two quarks qq → V qq, the process initiated by a single gluon qg → V qg
and the two gluon process gg → V qq.
In all processes we evaluate the Feynman diagrams, performing the Dirac traces with the
TRACER package [21], and we integrate over the virtual loop and real emission momenta.
3
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Figure 1: Born diagrams of the two processes at LO.
Ghost graphs are taken into account to simplify the polarization sums of external gluons. Real
contributions are computed using traditional partial fractioning and master integrals, while
virtual loop contributions are calculated using the FeynCalc [22] and Feynhelpers [23] packages.
Dimensional regularization is used to regulate infrared and ultraviolet singularities, working in
a space-time of d = 4 − 2 dimensions. As it will be addressed in the following subsections,
dimensional regularization requires a special treatment for the Levi-Civita tensor µνρσ and the
Dirac matrix γ5, which is present in both the electroweak couplings and quirality projectors.
The factorization of the mass singularities in the polarized case is also affected by the scheme
used to deal with γ5.
2.2.1 Treatment of the matrix γ5 and axial couplings
While dimensional regularization involves working in d-dimensional space-time, the γ5 matrix
and the µνρσ tensor are only well defined in the four-dimensional space-time. A consistent
way to treat γ5 and µνρσ in d-dimensions is the HVBM scheme [24, 25], which splits the d-
dimensional Minkowsky space into the usual four-dimensional one and a (d − 4)-dimensional
subspace where, for instance, the (d − 4)-dimensional part of the γµ matrices, represented as
γˆµ, commutes with the strictly four-dimensional γ5. Calculations in the HVBM scheme are
algebraically more involved because for unobserved momenta p and γµ matrices one needs to
take into account both their four-dimensional part (p˜, γ˜µ) and their (d−4)-dimensional one (pˆ,
γˆµ), which follow different algebraic treatment. Integration over ‘hat’ momenta pˆ in the real
contributions is performed as established in Ref.[26].
One of the first issues related to the HVBM scheme is the definition of the electroweak
vertices. The standard definition of the boson vertices, taking into account the flavours f1 and
f2 of the involved quarks, can be expressed as
− ieγµ
(
Lf2f1
1− γ5
2
+Rf2f1
1 + γ5
2
)
, (10)
where the left and right-handed coupling are given by the following expressions, depending on
the type of boson
4
W− : Lf2f1 =
1√
2 sin θW
(τ+)f2f1Uf2f1 , Rf2f1 = 0,
W+ : Lf2f1 =
1√
2 sin θW
(τ−)f2f1U
†
f2f1
, Rf2f1 = 0
Z0 : Lf2f1 =
1
sin(2θW )
(τ3)f2f1 − δf2f1ef1 tan θW , Rf2f1 = −δf2f1ef1 tan θW ,
γ : Lf2f1 = δf2f1ef1 , Rf2f1 = δf2f1ef1 .
(11)
Here θW is the electroweak mixing angle, τ± = (τ1 ± iτ2)/2 and τ3 are the weak isospin Pauli
matrices, U is the CKM mixing matrix, and ef is the electric charge of the corresponding quark
(ef =
2
3
for u, c, t and ef = −13 for d, s, b). However, since the commutation properties of the
combination γµγ5 depends on whether µ ≤ 3 or µ > 3, a symmetric definition of the vertices is
needed, which corresponds to the replacement γµ(1− γ5)→ 12(1 + γ5)γµ(1− γ5) [27, 28]. After
this substitution, the vertex expression of Eq.(10) in d-dimensions can be rewritten as
− ieγ˜µ
(
Lf2f1
1− γ5
2
+Rf2f1
1 + γ5
2
)
, (12)
where the (d− 4)-dimensional part of γµ cancels within the left and right-handed terms.
In the HVBM scheme the presence of γ5 in both the symmetrized vertex and the quirality
projectors over initial partons lead to anomalous terms of order O(d − 4), which in combi-
nation with divergent terms can result in spurious finite contributions. Infrared anomalous
terms cancel out between virtual and real contributions [29], but in the case of the renormal-
ization of ultraviolet divergencies and mass factorization appropriate additional counterterms
are required.
2.2.2 Renormalization and the axial vertex anomaly
For the renormalization of the virtual contributions to the NLO we adopt de usual MS scheme.
In this scheme the running strong coupling constant αs(µ
2) at a scale µ2 satisfies the corre-
sponding renormalization-group equation
µ2
d
dµ2
αs(µ
2) = −αs(µ2)
[
β0
αs(µ
2)
2pi
+ β1
(
αs(µ
2)
2pi
)2
+O(α3s)
]
, (13)
with the βi factors given by
β0 =
11
6
CA − 1
3
∑
f
(1),
β1 =
17
6
C2A −
(
5
6
CA +
1
2
CF
)∑
f
(1),
(14)
where the sum
∑
f runs over all the flavours below the mass threshold.
However, within the HVBM scheme, since γ5 no longer anticommutes with γµ an additional
finite renormalization of the axial quark current needs to be taken into account at NLO [30].
The renormalization constant related to the axial current Z5 is no longer equal to one. The
corresponding one loop expression is
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Figure 2: Schematic of the parton emission processes.
Z5 = 1− αs
2pi
2CF +O(α2s). (15)
This term gives rise to the following additional finite counterterms that have to be added
to the qq and qg channels in order cancel the spurious axial terms appearing in the virtual
contributions
(∆)Cqq =− αs
2pi
(2 CF )
d(∆)σaxialqq
d3Q
,
(∆)Cqg =− αs
2pi
(2 CF )
d(∆)σaxialqg
d3Q
,
(16)
where d(∆)σaxialij /d
3Q is the axial part of the (polarized) unpolarized Born cross section cor-
responding to either the qq → V g process or the qg → V q Compton process. This axial cross
section is obtained by considering only the terms depending on the axial coupling to the boson
V .
2.2.3 Factorization
Mass singularities appear due to the collinear emission of massless partons from one of the
incoming partons. These singular terms are detached at a scale µ2F to be incorporated into
the (polarized) unpolarized distribution functions (∆)fha (x, µ
2
F ). For the unpolarized case, the
results are calculated in the usual MS scheme. However, in the polarized case we use the
conventional variation of the MS scheme which takes into account some helicity-conservation
violations that arise in the HVBM scheme, particularly in the quark-antiquark annihilation
process.
The factorization subtractions ‡ due to collinear emission from an initial parton a, as illus-
trated in Fig.2 for gluon emission, are given by the following convolution
d(∆)σˆfactab→V X =
αs
2pi
{[
−1
ˆ
(∆)Pca(z)
(
µ2
µ2F
)
+ (∆)fca(z)
]
~ d(∆)σcb→V X
}
, (17)
where µ is the scale of dimensional regularization and µF represents the factorization scale.
Here 1/ˆ = 1/ − γE + ln 4pi as in the MS scheme, (∆)Pca(z) is the (polarized) unpolarized
Altarelli-Parisi splitting function of a parton a emitting a parton c carrying momentum fraction
z, d(∆)σcb→V X is the (polarized) unpolarized d-dimensional Born cross section of the partonic
process cb→ V X, and (∆)fab(z) represents the freedom on subtracting additional finite terms.
In the unpolarized case we rely on the usual MS scheme, which corresponds to fij(z) = 0, but
in the polarized case when the subtraction involves emission of quarks by other quarks, when
working with the ∆Pqq(z) kernel, we use ∆fqq(z) = −4 CF (1−z). This is the particular scheme
is used in the definition of the polarized parton distribution sets [31].
‡Subtractions that need to be applied to the corresponding partonic channel.
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3 NLO corrections
In this section we present the NLO contributions to the polarized cross section of electroweak
boson production at large transverse momentum in hadronic collisions. For the sake of com-
pleteness we also provide the unpolarized results, which are in agreement with those of Gon-
salves et al. [10], with the distinction that we corroborated the calculation fully within the
consistent HVBM scheme for the axial coupling. The polarized cross section for the virtual
photon in the non-singlet case partially agrees with the previous results of Ref.[20] due to an
overlooked sign in one of the interferences.
3.1 Quark-antiquark annihilation and scattering
The formulas of the inclusive cross section are presented in the same way as in Ref.[10], with
the expression separated in contributions with different axial-vector and/or flavour structure.
The quark-antiquark cross section formula is given by
EQ
d(∆)σqq
d3Q
=
α αMSs (µ
2) CF
s Nc
{
δ(s23) (∆)Bqq(s, t, u,Q
2)
(|L21|2 + |R21|2)+ αMSs (µ2)
2pi
×
{[
δ(s23)
[
(∆)V
(3)
qq (s, t, u,Q
2) + (∆)V
(1)
qq (s, t, u,Q
2)
∑
f
(1)
]
+ (∆)Gqq(s, t, u,Q
2) + (∆)Faa(s, t, u,Q
2)
∑
f
(1)
] (|L21|2 + |R21|2)
+
[
δ(s23) (∆)V
(2)
qq (s, t, u,Q
2) + (∆)Fab(s, t, u,Q
2)
]
δ12 (L11 −R11)
∑
f
(Lff −Rff )
+ (∆)Fbb(s, t, u,Q
2)δ12
∑
f
∑
f ′
(|Lff ′ |2 + |Rff ′ |2)
+
[
(∆)Fac(s, t, u,Q
2) + (∆)Fad(s, t, u,Q
2)
] (|L21|2 + |R21|2)
+
[
δ12(∆)Fbc(s, t, u,Q
2) + (∆)Fcc(s, t, u,Q
2)
]∑
f
(|Lf1|2 + |Rf1|2)
+
[
δ12(∆)Fbd(s, t, u,Q
2) + (∆)Fdd(s, t, u,Q
2)
]∑
f
(|L2f |2 + |R2f |2)
+ (∆)FLLcd (s, t, u,Q
2) (L11L22 +R11R22)
+ (∆)FLRcd (s, t, u,Q
2) (L11R22 +R11L22)
}}
. (18)
Here the (∆)Bqq(s, t, u,Q
2) function corresponds to the (polarized) unpolarized Born diagrams
contributions ∗
∆Bqq(s, t, u,Q
2) = − t
2 + u2 + 2sQ2
tu
, Bqq(s, t, u,Q
2) = −∆Bqq(s, t, u,Q2). (19)
∗The axial Born cross section needed for the axial renormalization counterterm in Eq.(16) is given by the
expression EQ
d(∆)σaxialqq
d3Q =
α αMSs (µ
2) CF
s Nc
(∆)Bqq(s, t, u,Q
2) (L21−R21)
2
2 . The expression is analogous in the qg
case.
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Figure 3: Diagrams corresponding to the virtual corrections to the Born qq → V g process. The
V functions in the cross section formula correspond to these diagrams.
Figure 4: Diagrams which contribute to the annihilation process qq → V gg. Ghost graphs are
not depicted. The G functions in the cross section formula correspond to these diagrams.
The rest of the functions are given in the Appendix. The (∆)V
(i)
qq (s, t, u,Q
2) functions group
all the NLO contributions proportional to δ(s23) arising mainly from virtual diagrams of Fig.3,
but also from infrared emission from the real ones. The (∆)Gqq(s, t, u,Q
2) are the contributions
from diagrams with two final gluons of Fig.4, while (∆)F (s, t, u,Q2) functions represent the
contributions from the diagrams of Fig.5, with subscripts indicating the particular groups of
diagrams involved in each subprocess. Most of these functions differ by a sign between the polar-
ized and unpolarized case, with the only exceptions being (∆)Fcc(s, t, u,Q
2), (∆)Fdd(s, t, u,Q
2)
and (∆)FLRcd (s, t, u,Q
2). This is related to helicity conservation for massless quarks. The
FLRcd (s, t, u,Q
2) function is actually equal to its polarized counterpart.
The cross section of the process qq → V X can be obtained from Eq.(18) by substituting
the corresponding couplings
qq → V X : L↔ −R†. (20)
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Figure 5: Diagrams which contribute to the process qq → V qq. The F functions in the cross
section formula correspond to these diagrams.
3.2 Quark-gluon Compton scattering
The cross section of the Compton process is given by
EQ
d(∆)σqg
d3Q
=
α αMSs (µ
2) CF
s (N2c − 1)
{
δ(s23) (∆)Bqg(s, t, u,Q
2)
∑
f
(|Lf1|2 + |Rf1|2)
+
αMSs (µ
2)
2pi
{[
δ(s23)
[
(∆)V (3)qg (s, t, u,Q
2) + (∆)V (1)qg (s, t, u,Q
2)
∑
f
(1)
]
+ (∆)Gqg(s, t, u,Q
2)
]∑
f
(|Lf1|2 + |Rf1|2)
+ δ(s23)(∆)V
(2)
qg (s, t, u,Q
2) (L11 −R11)
∑
f
(Lff −Rff )
}}
, (21)
where in this case the (polarized) unpolarized Born terms function reads
∆Bqg(s, t, u,Q
2) =
(s− t) (Q2 + u)
st
, Bqg(s, t, u,Q
2) = −s
2 + t2 + 2uQ2
st
. (22)
The (∆)Gqg(s, t, u,Q
2) terms come from diagrams obtained by crossing from those in Fig.4,
while the (∆)V
(i)
qg (s, t, u,Q2) are again the δ(s23) contributions originating from virtual dia-
grams contributions, which can be obtained from Fig.3 by crossing, and from the same real
contributions. Their explicit formulas are given in the Appendix.
The qg process presents the greatest difference between the polarized and unpolarized cross
sections. As a matter of fact, Eq.(22) reveals that at the Born level they have two distinct
behaviours: one is symmetric in the variables s and t, while the other one is completely anti-
symmetric in them.
The three variations of the Compton process can be obtained from Eq.(21) with the following
substitutions
qg → V X : L↔ −R†,
gq → V X : t↔ u, f1 ↔ f2,
qg → V X : t↔ u, f1 ↔ f2, L↔ −R†. (23)
3.3 Gluon-gluon fusion
The cross section of the gluon-gluon fusion process, which only contributes at NLO, is simply
given by
9
EQ
d(∆)σgg
d3Q
=
α αMSs (µ
2) Nc CF
s (N2c − 1)2
(
αMSs (µ
2)
2pi
)
(∆)Ggg(s, t, u,Q
2)
∑
f
∑
f ′
(|Lff ′ |2 + |Rff ′ |2) , (24)
where the (∆)Ggg(s, t, u,Q
2) functions, corresponding to the diagrams obtained by crossing
from the ones in Fig.4, are given in the Appendix. The Ggg(s, t, u,Q
2) and ∆Ggg(s, t, u,Q
2)
functions are fairly similar apart from a sign and a few additional terms.
3.4 Quark-quark scattering
Finally, the last NLO contribution is the quark-quark initiated, whose cross section is given by
EQ
d(∆)σqq
d3Q
=
α αMSs (µ
2) CF
s Nc
(
αMSs (µ
2)
2pi
)(
1
2
)
×
{[
(∆)Haa(s, t, u,Q
2) + (∆)Hcc(s, t, u,Q
2)
]∑
f
(|Lf1|2 + |Rf1|2)
+
[
(∆)Hbb(s, t, u,Q
2) + (∆)Hdd(s, t, u,Q
2)
]∑
f
(|L2f |2 + |R2f |2)
+ (∆)Hac(s, t, u,Q
2)
(|L21|2 + |R21|2)+ (∆)Hbd(s, t, u,Q2) (|L12|2 + |R12|2)
+
[
(∆)Had(s, t, u,Q
2) + (∆)Hbc(s, t, u,Q
2)
]
δ12
∑
f
(|Lf1|2 + |Rf1|2)
+
[
(∆)HLLab (s, t, u,Q
2) + (∆)HLLcd (s, t, u,Q
2)
]
(L11L22 +R11R22)
+
[
(∆)HLRab (s, t, u,Q
2) + (∆)HLRcd (s, t, u,Q
2)
]
(L11R22 +R11L22)
}
, (25)
where the (∆)H(s, t, u,Q2) functions correspond to the contributions from the diagrams in
Fig.6. The global 1/2 factor is a statistical factor needed to avoid double counting events due
to the full phase space integration and quantum number summation over the two quarks in the
final state. Most of the H functions are related to the F ones from the quark-antiquark pro-
cess. The Hac(s, t, u,Q
2), Hbd(s, t, u,Q
2), Had(s, t, u,Q
2), Hbc(s, t, u,Q
2), HLRab (s, t, u,Q
2) and
HLRcd (s, t, u,Q
2) functions are equal to their polarized counterparts, while the HLLab (s, t, u,Q
2)
and HLLcd (s, t, u,Q
2) differ only by a sign. The Hbb(s, t, u,Q
2) and Hdd(s, t, u,Q
2) functions,
as it is the case with Fcc(s, t, u,Q
2) and Fdd(s, t, u,Q
2), have significant differences with their
polarized counterparts.
The cross section of antiquark-antiquark annihilation is obtained from Eq.(25) by the sub-
stitution
qq → V X : L↔ −R†. (26)
With the qq and qq cross sections it is possible to calculate the non-singlet cross section,
which is given by
EQ
d(∆)σNS
d3Q
= EQ
d(∆)σqq
d3Q
− EQd(∆)σ
qq
d3Q
. (27)
The non-singlet polarized cross section for virtual photon production has been calculated by
Field et al. in Ref.[20]. However, our results do not fully agree with theirs because they assumed
10
ba
c d
Figure 6: Diagrams corresponding to the qq → V qq process. The H functions in the cross
section formula correspond to these diagrams.
that the ∆HLLab (s, t, u,Q
2), ∆HLLcd (s, t, u,Q
2), ∆HLRab (s, t, u,Q
2) and ∆HLRcd (s, t, u,Q
2) contribu-
tions of the qq process cancel against the corresponding ∆FLLcd (s, t, u,Q
2) and ∆FLRcd (s, t, u,Q
2)
functions of the qq process, which is not correct since they actually differ by a sign and add
up to an additional contribution. This error was carried over from a mistake in the original
unpolarized EMP calculation [8], which it is pointed out in Ref.[10].
4 Phenomenological Results
In this section we compute the corresponding cross sections to evaluate the impact of the
polarized NLO corrections. We apply them to RHIC kinematics, that is, polarized proton-
proton collisions at a center-of-mass energy of
√
S = 510 GeV. We use the MMHT2014nlo [32]
and DSSV [31] PDFs sets for the unpolarized and polarized processes, respectively. For the
weak gauge boson we use the masses MW = 80.379 GeV and MZ = 91.1876 GeV, with an
electromagnetic coupling constant α = 1/127.918 and the Weinberg angle given by sin θW
2 =
0.2312. The CKM matrix is constructed from the values |Vud| = 0.9742, |Vus| = 0.2243,
|Vcd| = 0.218 and |Vcs| = 0.996 using the universality property. The number of active quark
flavors are limited by the thresholds set by their mass, namely mc = 1.275 GeV and mb = 4.18
GeV. The QCD coupling αs is evaluated at NLO with the same quark thresholds, with a value
of αs(MZ) = 0.127.
We begin by analysing the reduction of theoretical uncertainties. These are estimated by
studying the dependence of the complete NLO results on the renormalization and factorization
scales due to the truncation of the perturbative series expansion. In Fig.7 we present the
polarized qT distributions of on-shell Z boson production at both LO and NLO accuracy at
y = 0, with their respective confidence bands. Since in this process we have two physical scales
given by Q and qT , it is convenient to define a physical scale in between them given by Q
2
s =
(Q2 + q2T )/4. The central curves are obtained by fixing the renormalization and factorization
scales to µR = µF = Qs. The bands are obtained by varying µR and µF simultaneously and
independently in the range 0.5Qs ≤ µR, µF ≤ 2Qs with the constraint 0.5 ≤ µF/µR ≤ 2. As
expected in perturbative QCD, the second order corrections yield a significant contribution to
the Born cross section while reducing uncertainties considerabily.
For a more detailed analysis on the impact of the two scales, in Fig.8 we study the scale
dependence of the cross section at a fixed value of qT . The LO curves show stronger dependence
on the scale. In this case the µR dependence corresponds simply to the variations of αs with
the scale, while µF dependence arises exclusively from the PDFs. At NLO these dependences
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Figure 7: On-shell Z production cross section in pp collisions at 510 GeV. Both LO and NLO
are presented with their respective confidence bands.
are corrected by logarithmic terms proportional to the β function and the splitting functions,
respectively, yielding more stable results. We do not show the results for other particular values
of qT since they are fairly similar. Throughout the rest of this section we will set the two scales
equal to Qs.
The size of the higher order QCD corrections to hadronic processes are usually presented in
terms of the ‘K-factor’, the ratio between the NLO results over the LO ones. However, in order
to make this ratio meaningful in the polarized case, the same NLO-evolved parton densities
are used to calculate both NLO and LO quantities [33]. This is due to the low constraints to
polarized PDFs available from experimental data, especially to ∆g, which can in some cases
give very different results when fits are performed at LO or at NLO. For this reason, polarized
K-factors can get artificially large or small when the gluons are involved.
In Fig.9 we present the K-factors for the production of on-shell weak bosons at fixed rapidity
y = 0 and y = 1, for both the polarized and unpolarized cases. The polarized K factors reveal
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µF =µR LO
µF =µR NLO
Figure 8: Cross section dependence on the renormalization and factorization scales. The green
curves are for µ = µR and µF = Qs, the red ones for µ = µF and µR = Qs, and the black ones
for µ = µF = µR.
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Figure 9: NLO K factors for on-shell weak boson V production with rapidities y = 0 and
y = 1. The solid and dashed curves correspond to the polarized and unpolarized processes,
respectively.
a larger contribution of the NLO corrections for W production, and they show a stronger
variation along qT compared to their unpolarized counterparts. The polarized Z production
present a remarkably lower K factor at larger qT . At rapidity y = 1 the K-factors are slightly
higher, specially at low qT . In this case the bosons W
+ and W− show similar behaviours.
The qT dependence of the polarized K factors is related to the different behaviour of the
particular sub-channels contributing to the process. For instance, the changes in the concavity
in the curves for y = 0 (barely visible in the Z boson case) are related to the sign change of the
qg-channel contribution. This can be observed in Fig.10 for W+ production, where we present
the sub-channel polarized cross section ratios. In all cases the cross section is governed by the
quark initiated channels at low qT , but the qg-channel becomes the most relevant one at high
qT . The qT range at which this dominance begins depends on the particular boson studied and
its rapidity, taking place at lower qT values in the case y = 1. The gg contribution, that only
arises at order O(α2s), is always negligible at the energy of this process.
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Figure 10: Sub-channel contributions to on-shell W+ boson production with rapidities y = 0
and y = 1. Both NLO and LO decompositions are given.
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Finally in Fig.11 we show the longitudinal double spin asymmetries for weak boson produc-
tion at different rapidities, which is defined as
ALL =
d∆σ
dσ
. (28)
The asymmetries grow with qT , reaching sizeable values, and are larger at higher rapidity.
The NLO corrections to the asymmetries are generally low, especially at rapidity y = 1. A
similar behaviour has been observed in many other processes, where QCD corrections tend to
compensate in the ratios of polarized and unpolarized cross sections. However, in the case of Z
production the NLO corrections in the polarized case are clearly bigger than the unpolarized
ones, accounting for lower values of asymmetry at large qT . This can already be seen in Fig.9
since the ratios of the asymmetries at the two orders are equal to the ratio of the respective K
factors, following the relation ANLO = ALO ∆K/K, and the K factors of Z production are the
ones that show larger discrepancies between the polarized and unpolarized cases, especially at
y = 0.
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Figure 11: Longitudinal double spin asymmetries in on-shell weak boson V production at
rapidities y = 0 and y = 1.
5 Summary
In this work, we have presented the first complete calculation at next-to-leading order in per-
turbative QCD of the cross section for the production of electroweak gauge bosons with large
transverse momentum qT in double polarized hadronic collisions. The calculation was done
fully in the consistent HVBM scheme for the treatment of γ5 and the tensor µνρσ in dimen-
sional regularization, carefully dealing with issues arising from the (d − 4)-dimensional part
of the momenta and γµ matrices. We also kept the unpolarized results, easily obtained as a
by-product of the polarized calculation, corroborating the previous well-known results [10], but
this time fully within the HVBM scheme. The polarized results are also in agreement with
a previous partial calculation of the non-singlet polarized production of virtual photons [20],
aside from a missed contribution in their work.
Using our results, we studied in some detail the phenomenological impact of the polarized
NLO corrections in weak boson production at RHIC, that is, polarized pp collisions with a
14
center-of-mass energy of 510 GeV. We analysed the scale dependence in polarized Z boson
production to assess the reliability of the theoretical predictions. We found that the NLO
correction have a greatly reduced scale dependence with respect to the Born results. We also
studied the polarized K factors, the ratio between the NLO and LO results, comparing them
to their unpolarized counterparts. The polarized K factors show larger variations and a more
complex dependence in qT , having a slightly higher value than the unpolarized ones except for
the Z boson case. The effect of NLO corrections on the double spin asymmetries is generally
low for W production, but visibly affects the Z production at higher qT .
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A Appendix
In this appendix we present the formulae for the functions associated with the NLO contribu-
tions in the cross sections of Eqs.(18), (21), (3.3), and (25). They are expressed in terms of
the invariants s, t, u,Q2 and s23, but we also define some frequently occurring transcendental
functions and denominators. The denominators are:
ds = s+Q2 − s23,
dq = s23Q
2 − tu,
λ =
√
(t+ u)2 − 4s23Q2,
dt = s23 − t,
du = s23 − t,
dst = s− s23 + t,
dsu = s− s23 + u.
(29)
The first group of transcendental functions involves some recurring logarithms:
Ls = ln
[
s
Q2
]
,
Lt = ln
[
t
Q2
]
,
Lu = ln
[
u
Q2
]
,
Ls23 = ln
[
s23
Q2
]
,
LA = ln
[
A
Q2
]
,
Lλt = ln
[
s Q2 (s23 − t)2
[s23(2 Q2 − t)−Q2 t]2
]
,
Lλu = ln
[
s Q2 (s23 − u)2
[s23(2 Q2 − u)−Q2 u]2
]
,
Ltu = ln
[
tu− s23 Q2
(s23 − t) (s23 − u)
]
,
Lstu = ln
[
s Q2
(s23 − t) (s23 − u)
]
,
Lst = ln
[
s t2
Q2 (s23 − t)2
]
,
Lsu = ln
[
s u2
Q2 (s23 − u)2
]
,
Lλ = ln
[
s+Q2 − s23 + λ
s+Q2 − s23 − λ
]
,
LR = ln
[
µ2R
Q2
]
,
LF = ln
[
µ2F
Q2
]
,
(30)
with µR and µF the renormalization and factorization scales, respectively. The rest of the
transcendental functions include dilogarithms that appear in the virtual contributions:
L1t = Li2
[
Q2
Q2 − t
]
+
1
2
ln2
[
Q2
Q2 − t
]
,
L1u = Li2
[
Q2
Q2 − u
]
+
1
2
ln2
[
Q2
Q2 − u
]
,
L2t = Li2
[
Q2
s
]
+
1
2
L2s + Ls ln
2
[ −t
s−Q2
]
,
L2u = Li2
[
Q2
s
]
+
1
2
L2s + Ls ln
2
[ −u
s−Q2
]
.
(31)
Finally, some expressions include ‘+’ distributions in the variable s23. These terms originate
from the soft singularities appearing as poles in s23. Within dimensional regularization, these
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poles are explicitly made manifest with the identity(
1
s23
)1+
= −1

δ (s23)
[
1−  lnA+ 1
2
2 lnA2
]
+
(
1
s23
)
A+
− 
(
ln s23
s23
)
A+
+O(2), (32)
where A is the upper integration limit in Eq.(8). The ‘+’ distributions yield finite contributions
and are integrated with the following rules:∫ A
0
ds23
( 1
s23
)
A+
f(s23) =
∫ A
0
ds23
[f(s23)− f(0)]
s23
,∫ A
0
ds23
( ln s23
s23
)
A+
f(s23) =
∫ A
0
ds23
[f(s23)− f(0)]
s23
ln(s23), (33)
where f(s23) is any function that depends on s23.
A.1 Quark-antiquark annihilation and scattering
In this subsection we present the functions corresponding to the contributions to the quark-
antiquark annihilation and scattering processes in both the polarized and unpolarized cases.
A.1.1 Polarized qq → V X
We first present the δ(s23) contributions arising from virtual and real contributions
∆V
(1)
qq (s, t, u,Q
2) = ∆Bqq(s, t, u,Q
2)
[
−5
9
+
LA − LR
3
]
, (34)
∆V
(2)
qq (s, t, u,Q
2) =
(s+Q2)
(s−Q2)
[
1− LsQ
2
(s−Q2)
]
, (35)
∆V
(3)
qq (s, t, u,Q
2) =∆Bqq(s, t, u,Q
2)
{
CF
[
(2LA + Lt + Lu)
2 − 4LA (LF − Ls + 2Lt + 2Lu)
− LF (3− 2Lt − 2Lu)− 2Ls (Lt + Lu)− 8 + pi2
]
− CA
[
(Lu + Lt + LA)
2
+ LA
(
11
6
+ 2Ls − 4Lt − 4Lu
)
− 11
6
LR
− L1t − L1u − Ls (Lt + Lu)− 67
18
+
pi2
3
]}
− Lu
(s+ t)
[
CF (3s+ u) +
CFQ
2s
(s+ t)
+ CA u
]
+
CF s
2
(s+ t)t
− Lt
(s+ u)
[
CF (3s+ t) +
CFQ
2s
(s+ u)
+ CA t
]
+
CF s
2
(s+ u)u
− (2CF − CA)
[
(s+ u)2 + s2
tu
(L1t − L2t) + (s+ t)
2 + s2
tu
(L1u − L2u)
]
− 2 (2CF − CA) s
(t+ u)
[
1 + Ls +
LsQ
2
(t+ u)
]
+ (CF − CA)
(
t
u
+
u
t
)
− CAs
(
1
t
+
1
u
)
.
(36)
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Here the ∆Bqq(s, t, u,Q
2) is the function representing the Born contribution defined in Eq.(19).
The function ∆V
(2)
qq (s, t, u,Q
2) arises from the triangle quark loops diagrams, which only con-
tributes to Z production.
The following function is originated from the quark-antiquark annihilation qq → V gg dia-
grams in Fig.4:
∆Gqq(s, t, u,Q
2) =− t
2 + u2 + 2s (t+ u+ s)
2tu
{
(8CF − 2CA)
(
Ls23
s23
)
A+
−
(
1
s23
)
A+
[
2CF (2LF − Ltu)− (2CF − CA) (2Lstu − Ltu) + 11
6
CA
]}
+
CF
dq
[
2Q2u
t
+ s−Q2
]
− CF (LF − Ls23 − Ltu)
dq
[
4s2 (s− s23)
tu
+
4s (4s− 2s23 + 3u)− 4u (s23 − u)
t
+ 4s+ s23
]
− s (2CFu− CAs)
2dt2u
− CF (LF − Ls23) s
dt2
− (2CF − CA) (Ls23 + Lstu − Ltu)
dt
[
s2
du t
− (s+ u)
2
tu
+ 1
]
+
CF (LF − Ls23)
(
s+ s23 +Q
2
)
dt t
− 2CF
dt
(
u+ s
t
− s
u
)
− CAs
2dt
(
3s
tu
+
4
u
)
− [3CF (LF − Ls23) + CA]
(
Q2 − t)
3t2
+
CF (s− 2sLtu + s23Ltu)
tu
− 3CF (2 + LF − Ls23 + 4Ltu) + CA
3t
+ 〈t⇔ u〉. (37)
In this function we have implicitly included a 1/2 factor to avoid double counting due to
the summation over all the final states of the two indistinguishable gluons, and the 〈t ⇔ u〉
indicates that the whole function needs to be repeated switching the variables t and u. The
annihilation process also contributes some of the δ(s23) terms which are already included in
∆V
(3)
qq (s, t, u,Q
2).
We now proceed to present the functions corresponding to the qq → V qq process diagrams
represented in Fig.5:
∆Faa(s, t, u,Q
2) =
1
3
[
−
(
1
s23
)
A+
t2 + u2 + 2s(s+ t+ u)
tu
+Q2
(
1
t2
+
1
u2
)]
, (38)
∆Fbb(s, t, u,Q
2) =
3Lλ(t− u)2(t+ u)
[
(2s23 − t− u) (t+ u) + 4s
(
s−Q2)]
8λ5 s
+
3s23(t− u)2
(
s+Q2
)
λ4 s
+
Lλ
8λ3 s
[(
t2 − u2)2 + 4s (t2 + u2) (2s+ t+ u)
ds
+ 4s
(
t2 + u2
)
+ (2s23 − t− u) (t− u)2
]
− 4 (ss23 + tu)− 3(t− u)
2
4λ2 s
− Lλ
8λ s
[
12s2 + 3t2 + 2tu+ 3u2 + 10s (t+ u)
ds
+ 2
(
2s− s23 +Q2
)]
+
5
4s
. (39)
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The diagrams involved in ∆Faa(s, t, u,Q
2) function also contribute to the δ(s23) terms in
∆V
(3)
qq (s, t, u,Q
2). The following interference only contributes to Z production:
∆Fab(s, t, u,Q
2) =− 3Lλs(t− u)
2(2s+ t+ u)Q2
2λ5 t
− 3(t− u)
2Q2
[
2s223 − (s+ s23) (t+ u)
]
2λ4 tu
+
LλQ
2 [s (2s− 4s23 + 3t− u) + 4 (s23 − t) (s23 − u)]
2λ3 t
+
t (s+ 3t− 2u)−Q2 (s+ 2t− u)
λ2 t
+ 〈t⇔ u〉. (40)
The following functions have also terms proportional to 1/s23, but the expression is in fact
finite in the limit s23 → 0:
∆Fac(s, t, u,Q
2) =
(
CF − CA
2
){
− 3Lλs
2(t− u)2(t+ u)Q2
λ5 tu
− 3s(t− u)
2 (2s23 − t− u)Q2
λ4 tu
+
LλsQ
2
λ3
[
s
(
7
u
− 5
t
)
+ 4
(
1− u
t
)]
− 1
λ2
[
s2
(
7
u
− 5
t
)
− (2s23 − t− u)
(
1 +
t
2u
− 3u
2t
)
+ s
(
2 + 5
s23 − u
t
− 7s23 − 5t
u
)]
+
Lλ
λ t
[
2Q2 −
(
1 +
t
u
)
s2 + (s+ u)2
s23
]
− s
2
dt2u
− 3s
2
dt tu
+
3Q2
t2
− 2Lst
t
[
1
s23
(
s2
u
+ s+
u
2
)
− s− s23 + u
t
− 1
]
− 3
2t
+
1
2u
}
, (41)
∆Fbc(s, t, u,Q
2) =
(
CF − CA
2
){
− 6Lλs s23(t− u)
2Q2
λ5t
− 3(t− u)
2 (2s23 − t− u)
2λ4
(u
t
+ 1
)
− Lλ
λ3
[
(2s23 − t− u)
(
t2 − u2)
2s
− u
2
t
(s
2
−Q2
)
+ t
(
3s
2
−Q2
)
− 3su
]
− 1
λ2
[
t2 − u2
s
+
u (u− 3s23)
t
+ s23 + t
]
− Lλ
2λ ds
[
t2
s
+ (2s+ u)(6− u
s
)
]
− Lλ
λ
[
3s223 + (s23 − u)2
st
+
3t+ 2u− 6s23
s
− s23 − u
t
+
3s
2t
]
− 2
dt
− (Lst + Lλt)
ds s
(
2s223
t
− 2s23 + t
)
+
4s23Q
2
st2
− Lst
(
u
st
+
1
s
+
2
t
)
− 2u
st
− 1
2t
+
1
s
}
, (42)
∆Fad(s, t, u,Q
2) = ∆Fac(s, u, t,Q
2), (43)
∆Fbd(s, t, u,Q
2) = ∆Fbc(s, u, t,Q
2), (44)
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∆Fcc(s, t, u,Q
2) =
Lλs
(
t2 − u2)
2λ3t
+
(t− u) (2s23 − t− u)
2λ2t
− Lλ (3s+ 2u)
2λt
+
(4 + LF − Ls23) s
2dt2
+
(LF − Ls23) (2s+ u)
dt t
+
8s− t+ 5u
2dt t
+
Q2 − t
t2
[
Lst + 2 (LF − Ls23 − Lst)
(
1 +
s23
s
)
+
4s23
s
+
5
2
]
+
(1 + LF − Ls23 − Lst) (4s23 − 2u− t) + 2s23
2st
, (45)
∆Fdd(s, t, u,Q
2) = ∆Fcc(s, u, t,Q
2). (46)
Finally, the interference between the Fc and Fd diagrams yield different results depending
on whether the quirality of the quark and the antiquark are the same (LR) or opposite (LL).
This also makes the LR contribution equal to its unpolarized counterpart, while the LL differs
by a sign.
∆FLLcd (s, t, u,Q
2) =
Lλs(t− u)2
2λ3 t
− (t− u)
2
2λ2 u
(
1− s23
t
)
− Lλ (2s− t− u)
2λ ds
− Lλ
2λ
(
3s+ 2s23
t
− 1
)
− (Lsu − Lλt − 2Ltu)
[
2s (s+ u) + u2
]
2ds dst t
+
(Lsu − Lλt − 2Ltu)
2dst
(
2s+ u
t
+ 1
)
+
(Lλt + Ltu)
2ds
(u
t
+ 1
)
− (Lst − Ltu)
ds
[
2s
(
Q2 + s23
)
tu
+
t
u
+
u
2t
+
1
2
]
− s
dt u
− Ltu (s+ s23)− (u− s)
2tu
+
Lst + Lλt
2t
+ 〈t⇔ u〉, (47)
∆FLRcd (s, t, u,Q
2) =
Lλt + 2Ltu − Lsu
2t
(
s+ s23 − u
dst
− 1
)
+
Lst − Ltu
t
(
s2
dst dsu
− s+ s23
u
)
− s
2
dst t
[
(Lst + Lλt)
ds
− (Lsu − Ltu)
u
]
+ 〈t⇔ u〉. (48)
A.1.2 Unpolarized qq → V X
Due to helicity conservation, most of the unpolarized results differ from the polarized one only
by a sign, e.g. Gqq(s, t, u,Q
2) = −∆Gqq(s, t, u,Q2), so we list only the functions in which this
is not true:
Fcc(s, t, u,Q
2) =−∆Fcc(s, t, u,Q2) + 3s
2dt2
+
4s+ 3u
dt t
− (LF − Ls23 − Lst)
[
1
2s
(
2s23Q
2
t2
− u
t
)2
+
(2s23 − t− u)2 − 4s23
(
Q2 − t)
2 s t2
− 4s23 − 2u− t
2 s t
]
− 3
2s
(
2s23Q
2
t2
− u
t
)2
− 10s
2
23 − 8s23u− 3u2
2st2
+
4s23 − u
st
+
3s+ 2s23 + 4u
t2
− 1
2s
,
(49)
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Fdd(s, t, u,Q
2) = Fcc(s, u, t,Q
2), (50)
FLRcd (s, t, u,Q
2) = ∆FLRcd (s, t, u,Q
2). (51)
A.2 Quark-gluon Compton scattering
In this section we present the functions corresponding to the quark-gluon Compton processes
in both the polarized and unpolarized case. The diagrams are obtained from Figs. 3 and 4 by
suitable crossing.
A.2.1 Polarized qg → V X
We start with the δ(s23) contributions from virtual and real contributions
∆V (1)qg (s, t, u,Q
2) = ∆Bqg(s, t, u,Q
2)
[
1
3
(LF − LR)
]
, (52)
∆V (2)qg (s, t, u,Q
2) =
(s− t)
s+ t
[
1 +
LuQ
2
s+ t
]
, (53)
∆V (3)qg (s, t, u,Q
2) =∆Bqg(s, t, u,Q
2)
{
CF
[
L2A − L2u − LA
(
2LF +
3
2
)
− LF
(
3
2
− 2Lu
)
− 5− 1
3
pi2
]
+ CA
[
2L2A + L
2
u − 2LA (LF − Ls + Lt + Lu)
− LF
(
11
6
− 2Lt
)
+
11
6
LR + L1t − L2t − Ls (Lt + Lu) + LtLu + 1
2
+
pi2
2
]}
+
Ls s
(t+ u)
[
CF
(
1 +
4u
s
)
+
CF u
(t+ u)
+ CA
]
− CF t
(t+ u)
− Lt t
(s+ u)
[
CF
(
1 +
4u
t
)
+
CF u
(s+ u)
+ CA
]
+
CF s
(s+ u)
− (CF − CA) s
2 − t2
2st
− (2CF − CA) (t+ 2u)
s
[L1u − L2u]
+
(2CF − CA) (s+ 2u)
t
[
L1t + L1u − LtLu + pi
2
2
]
, (54)
where ∆Bqg(s, t, u,Q
2) is the Born function defined in Eq.(22). Here again the ∆V
(2)
qg (s, t, u,Q2)
terms arise from the triangle quark loops diagrams, which only contribute to Z production.
∆Gqg(s, t, u,Q
2) =
(s− t) (s+ t+ 2u)
st
{
(2CF + 4CA)
(
Ls23
s23
)
A+
−
(
1
s23
)
A+
×
[
CF
(
3
2
+ 2LF − Lsu − 2Ltu − Lλ t+ u
λ
)
20
− CA
(
2Lstu − 2LF + Lst − Lsu
2
− Ltu
)]}
− 2CF − CA
2s23
[
Lsu (s+ 2u)
t
− 2Ltu (t+ 2u)
s
+
Lλ (s+ 2u)
λ
(u
t
+ 1
)]
+
3CFLλs(t− u)2(2Q2 − t− u)
4λ5
(u
t
+ 1
)
− 3CF s(t− u)
2
2λ4
(u
t
+ 1
)
− Lλ
λ3
{
CF
2
[(
t2 − u2) (t+ u− 2Q2)
2s
+ u
(t− u)2 − su−Q2 (s+ 2u)
t
+ (t− u)2
− st+Q2 (3s− 6t+ 8u)
]
+ CA
(
1− u
t
)[
s2 − (2s23 − t− u)
(
s+Q2 + s23
)
4
]}
+
1
λ2
{
CF
2
[
s
(
3− u
t
)
− (t− u)
(
3Q2 − s23
s
+
4s23 − 7u
2t
+
5
2
)]
+ CA (s+ s23)
(
1− u
t
)}
+
Lλ
2λ
[
CF
(
9s− 20Q2 + 6u
2t
− 2Q
2 − 9t− 11u
2s
+ 3
)
+ CA
(
6Q4 − 5uQ2 + u2
st
− 12s+ 9u+ 14Q
2
2t
+
u− 3Q2
s
− 3
2
)]
− CF (Lsu − 2Ltu − Lλt) s23 (s23 − 2u)
dst st
+
CF
dq
{
Q2
(
4u
t
− 1
)
+ s− 3u
+ 2 (LF − Ls23 − Ltu)
[
Q2
(
4s+ 6u− 2Q2
t
+ 1
)
+ s+ 2t− 5u
]}
+
(5CF + 7CA) s
dt2
+
2 (CF + 2CA) (LF − Ls23) s
dt2
+
CF [3s− 8t+ 2u− (LF − Ls23) (s+ 2t+ 2u)]
dt t
+
CA
dt
[
(Lst + Lλt)
2
×
(
1
s
− 3
t
− 2u
st
)
(s+ t) + (Ls23 + Lstu − Ltu) (s− t)
(
1
s
− 1
t
− 2u
st
)]
+
CA [15s+ t+ 10u+ 2 (LF − Ls23) (5s+ 4u)]
dt t
+
(2CF − CA)
du
(s
t
+ 1
)
+
CF (1 + LF − Ls23 − Lsu) s23 (s− s23 + t)
su2
− CF [s+ t+ (LF − Ls23 − Lsu) (s− 4s23 + 2t)]
su
+
s− s23 + u
t2
{
(CF + 2CA)Lst
+ (LF − Ls23 − Lst)
[
CF + 8CA
(
1 +
s23
s
)]
+
5
2
CF + CA
(
9 +
12s23
s
)}
− 2
[
CF
(
3
t
− 2
s
)
− 2CA
(
2s23
st
− u
st
)]
(LF − Ls23)−
s23 − 2u
2st
[
2CFLsu
+ CA (2Ls23 + 2Lstu − Lsu)
]
− Lλt
t
[
CF (3s− s23 + 2u)
s
− 2CA
]
+
2CFLtu (3s+ s23 − 2u)
st
− CALst (2s+ 9s23 − 4u)
st
− 17CF
4t
+
2CA (4s23 − u)
st
− CF
s
[2 + 5 (2LF − 2Ls23 − Lsu) + 3Lλt]
− CA
s
[
1 + 2 (3LF − 4Ls23 − Lstu − Lλt)−
9
2
Lst + Lsu − Ltu
]
. (55)
Here the 1/s23 terms without the corresponding ‘+’ distributions are actually finite in the limit
21
s23 → 0.
A.2.2 Unpolarized qg → V X
The qg → V X process is the one that presents more differences between the expressions of the
polarized and unpolarized cases:
V (1)qg (s, t, u,Q
2) = Bqg(s, t, u,Q
2)
[
1
3
(LF − LR)
]
, (56)
V (2)qg (s, t, u,Q
2) = −(Q
2 + u)
(Q2 − u)
[
1 +
LuQ
2
(Q2 − u)
]
, (57)
V (3)qg (s, t, u,Q
2) =Bqg(s, t, u,Q
2)
{
CF
[
L2A − L2u − LA
(
2LF +
3
2
)
− LF
(
3
2
− 2Lu
)
− 5− 1
3
pi2
]
+ CA
[
2L2A + L
2
u − 2LA (LF − Ls + Lt + Lu)
− LF
(
11
6
− 2Lt
)
+
11
6
LR + L1t − L2t − Ls (Lt + Lu) + LtLu + 1
2
+
pi2
2
]}
− Ls s
(t+ u)
[
CF
(
1 +
4u
s
)
+
CF u
(t+ u)
+ CA
]
+
CF t
(t+ u)
− Lt t
(s+ u)
[
CF
(
1 +
4u
t
)
+
CF u
(s+ u)
+ CA
]
+
CF s
(s+ u)
+
(2CF − CA)
(s+ t)
[
Q2
(
s2 + t2
)
st
− 2Lu u
(
2Q2 − u)
(s+ t)
]
− CF
(
2 +
3t+ 4u
2s
+
3s+ 4u
2t
+
u2
st
)
+ CA
(
t+ 2u
2s
+
s+ 2u
2t
+
u2
st
)
− (2CF − CA)
[
u2 + (s+ u)2
st
(
L1t + L1u − LtLu + pi
2
2
)
+
u2 + (u+ t)2
st
(L1u − L2u)
]
, (58)
where Bqg(s, t, u,Q
2) is the unpolarized Born function defined in Eq.(22). We note that the vir-
tual contributions presented in Eq.(A4) of Ref.[10], in our case included within V
(3)
qg (s, t, u,Q2),
are missing a minus sign in the finite terms not multiplied by the Born function.
Gqg(s, t, u,Q
2) =−
[
t
s
+
s
t
+
2u (s+ t+ u)
st
]{
(2CF + 4CA)
(
Ls23
s23
)
A+
−
(
1
s23
)
A+
×
[
CF
(
3
2
+ 2LF − Lsu − 2Ltu − Lλ t+ u
λ
)
− CA
(
2Lstu − 2LF + Lst − Lsu
2
− Ltu
)]}
+
2CF − CA
2s23
[
Lsu (s+ 2u)
t
+
2Ltu (t+ 2u)
s
+
Lλ (s+ 2u)
λ
(u
t
+ 1
)]
22
− 3CFLλs(t− u)
2(2Q2 − t− u)
4λ5
(u
t
+ 1
)
+
3CF s(t− u)2
2λ4
(u
t
+ 1
)
+
Lλ
λ3
{
CF
2
[(
t2 − u2) (t+ u− 2Q2)
2s
+ u
(t− u)2 − su−Q2 (s+ 2u)
t
+ (t− u)2
− st+Q2 (3s− 6t+ 8u)
]
+ CA
(
1− u
t
)[
s2 − (2s23 − t− u)
(
s+Q2 + s23
)
4
]}
− 1
λ2
{
CF
2
[
s
(
3− u
t
)
− (t− u)
(
3Q2 − s23
s
+
4s23 − 7u
2t
+
5
2
)]
+ CA
(s+ s23) (t− u)
t
}
− Lλ
2λ
{
CF
[
8
2Q2
(
s23 −Q2
)− u2
st
− 2Q
2 + 7t+ 21u
2s
− 7s− 28Q
2 + 2u
2t
− 1
]
+ CA
[
6Q4 − 5uQ2 + u2
st
− 12s+ 9u+ 14Q
2
2t
+
u− 3Q2
s
− 3
2
]}
− CF (Lsu − 2Ltu − Lλt)
[
(s23 − u)2 + u2
]
dst st
+
CF
dq
{
4(t− u)u
s
(
Q2
t
− 1
)
− u
(
4Q2
t
+ 1
)
− s+Q2 + 4 (LF − Ls23 − Ltu)
×
[
(t− u)2 + u2
s
+
s+ u
2
+ t−Q2
(
2u2
st
+
t− 2u
s
+
s+ 2u
t
+
1
2
)]}
+
2 [(CF − CA) (4 + LF − Ls23) + CA] st
dt3
− 2 (LF − Ls23) [CF (t+ u) + CA (3s+ 2u)]
dt2
+
CF (3s− 8t− 4u)
dt2
− CA (9s− 4t+ 4u)
dt2
+
CF
dt
[
4 (LF − Ls23)
(
u2
st
+
t− 2u
2s
+ 3
s+ 2u
4t
− 1
)
+
u2
st
+
3t− 2u
s
− s− 2u
t
− 4
]
− CA
dt
[
4 (LF − Ls23)
(
u2
st
+
t− 2u
2s
+ 3
s+ u
t
− 2
)
− (Lst + Lλt)
(
u2
st
+
5s+ 6u
2t
+
t− 2u
2s
− 1
)
+
3s+ 2u
t
− 7
− (Ls23 + Lstu − Ltu)
(s− t+ u)2 + u2
st
]
− 2CF [s− (LF − Ls23) t]
du t
+
CA (s− t)
du t
+
CF (1 + LF − Ls23 − Lsu) s23 (s− s23 + t)
su2
+
CF
u
[
2 (LF − Ls23 − Lsu)
(
2s23 − t
s
− 1
2
)
− t
s
− 1
]
− 4CA (3 + LF − Ls23 − Lst) s23 (s− s23 + u)
st3
[
s23 (s− s23 + u)
t
+ (2s23 − u)
]
+
s− s23 + u
t2
{
CF
[
(LF − Ls23)−
1
2
]
+ CA
[
4 (LF − Ls23 − Lst)
(
3s23 − 2u
s
− 2
)
− 2Lst + 16s23
s
− 1
]}
− 2CA
t2
[
(LF − Ls23 − Lst) (s+ s23)2
s
+
6s s23 + u
2
s
]
+
Lλt [CF (5s− 7s23 + 6u)− 2CA (3s− 2s23 + 2u)]
st
− 2CFLtu (s+ s23 − 2u)
st
+
[2CF (4Ltu − Lsu) + CA (Lsu − 2Ls23 − 2Lstu)] (s23 − 2u)
2st
23
− 2 [CF (s+ 2t)− CA (5s23 − 4u)] (LF − Ls23)
st
+
2CALst (3s− 6s23 + 5u)
st
+
CF s+ 8CA (2s23 − u)
4st
− CF
s
[2 + 4 (LF − Ls23 − Ltu)− 5 (Lsu + Lλt)]
− CA
s
[
1 + 2 (4LF − 6Ls23 − 2Lstu + Lλt)−
11
2
Lst + Lsu + Ltu
]
. (59)
A.3 Gluon-gluon fusion
We now present the functions for the gluon-gluon fusion processes for both the polarized and
unpolarized cases. The diagrams are obtained from Fig.4 by suitable crossing.
A.3.1 Polarized gg → V X
∆Ggg(s, t, u,Q
2) =− 3CALλ(t− u)
2t
λ5
[
(2s23 − t− u) (t+ u)
4s
+ s−Q2
]
+
CALλ
λ3ds
{
s23 (s23 − t− u) (t− u)2
2s
− t
[
4st− 2tu− s23(t+ u) + 3
2
(t+ u)2
]}
− Lλ
λ ds
{
4CF [2(s+ t+ u)− 3s23]− CA
2
[
14Q4 +
(
t−Q2)2
s
+ 9Q2 + 3s
]}
− CALλ
λ
(
1− 14Q
2 − 21t− 17u
8s
)
− 3CAs23(t− u)
2
λ4
(
Q2
s
+ 1
)
+
CA
λ2
[
t(5u− 3t)
2s
+ s23
]
−
2CF (Lst − Ltu)
[
s223 + (s− s23)2
]
dst dsu s
+
2CF (Lst + Lλt)
(
s223 + t
2
)
ds dst s
− 2CF (Lsu − 2Ltu − Lλt) (t+ u)
dst s
− 2CF [(LF − Ls23 − Ltu) (s+ 4t) + 2s23 + 2t]
dq
+
2 (2CF − CA) (Ls23 + Lstu − Ltu)
dt s
(
tu
du
+ t− u
)
+
2 (2CF − CA) (Lst + Lλt)
dt
(
t2
ds s
+
t+ u
2s
+ 1
)
+
(2CF − CA) (Lst + Lλt)
2ds
×
(
2s23 + 5t+ u
2s
+ 1
)
− 2CF (4 + LF − Ls23 − Lst) s23
(
Q2 − t)
st2
− 2CF
t
[
(LF − Ls23 − Lst)
(
s23 + u
s
+ 2
)
+
6s23 − u
s
+ 2
]
− CF [Lλt − 7Lst + 8 (LF − 2Ls23 − Lstu + Ltu)]
2s
− CA [17− Lst + 8 (Ls23 + Lstu)− 9Lλt]
4s
+ 〈t⇔ u〉. (60)
A.3.2 Unpolarized gg → V X
Ggg(s, t, u,Q
2) =−∆Ggg(s, t, u,Q2) + 4
{
− CF
[
s s23 − (1 + 2LF − 2Ls23 − 2Ltu) t2 − tu
]
dq s
24
+
(2CF − CA) (Ls23 + Lstu − Ltu) tu
dt du s
+
2 [CF (1 + LF − Ls23) + CA] t
dt2
+
(2CF − CA) (Ls23 + Lstu − Ltu) (t− u)
dt s
+
2CF (1 + LF − Ls23) s+ CA (2s− t+ u)
dt s
− CF s23Q
2
st2
+
CF (u− 2s23)
st
+
CF (1− 2LF + 4Ls23 + 2Lstu)− CA (2 + Ls23 + Lstu)
s
}
+ 〈t⇔ u〉, (61)
where in this case the 〈t⇔ u〉 only applies to the additional terms added to ∆Ggg(s, t, u,Q2),
which itself is already symmetric in t and u.
A.4 Quark-quark scattering
Finally, we present the functions corresponding to the quark-quark scattering processes for both
the polarized and unpolarized cases. They are obtained from the diagrams of Fig.6. Most of
them are related to the quark-antiquark results.
A.4.1 Polarized qq → V X
∆Haa(s, t, u,Q
2) = ∆Hcc(s, t, u,Q
2) = ∆Fcc(s, t, u,Q
2), (62)
∆Hbb(s, t, u,Q
2) = ∆Hdd(s, t, u,Q
2) = ∆Fdd(s, t, u,Q
2). (63)
For the following functions we use the fact that changing an antiquark in the diagrams in Fig.5
with a quark in Fig.6 also changes its coupling to the boson V by the replacement L ↔ −R†,
which accounts for a change in sign in the contributions. This relative sign was overlooked in
the results presented in Ref.[20].
∆HLLab (s, t, u,Q
2) = ∆HLLcd (s, t, u,Q
2) = −∆FLRcd (s, t, u,Q2), (64)
∆HLRab (s, t, u,Q
2) = ∆HLRcd (s, t, u,Q
2) = −∆FLLcd (s, t, u,Q2). (65)
The last contributions are exclusive to the quark-quark process, and they are equal to their
unpolarized counterparts:
∆Hac(s, t, u,Q
2) = ∆Hbd(s, u, t,Q
2) =
(
CF − CA
2
){
4LstQ
2
t2
+ (Lst + Lλt)
[
4s2
ds dt t
− 2 (s23 − u)
dt t
− 2
t
]}
, (66)
∆Had(s, t, u,Q
2) = ∆Hbc(s, u, t,Q
2) =
(
CF − CA
2
){
4s23 (s− s23 + u)
st2
+
2 (2s23 − u)
st
− 2
s
− (Ls23 − Lst + Lstu)
s t u
[
s223 + (s23 − t− u)2
]}
+ 〈t⇔ u〉.
(67)
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A.4.2 Unpolarized qq → V X
For the unpolarized case we have the same relations to the quark-antiquark process:
Haa(s, t, u,Q
2) = Hcc(s, t, u,Q
2) = Fcc(s, t, u,Q
2), (68)
Hbb(s, t, u,Q
2) = Hdd(s, t, u,Q
2) = Fdd(s, t, u,Q
2), (69)
HLLab (s, t, u,Q
2) = HLLcd (s, t, u,Q
2) = −FLRcd (s, t, u,Q2), (70)
HLRab (s, t, u,Q
2) = HLRcd (s, t, u,Q
2) = −FLLcd (s, t, u,Q2). (71)
As it was already mentioned, the contributions exclusive to the quark-quark process are
equal to their polarized counterparts:
Hac(s, t, u,Q
2) = Hbd(s, u, t,Q
2) = ∆Hac(s, t, u,Q
2) (72)
Had(s, t, u,Q
2) = Hbc(s, u, t,Q
2) = ∆Had(s, t, u,Q
2) (73)
References
[1] D. de Florian, R. Sassot, M. Stratmann and W. Vogelsang, Phys. Rev. Lett. 113, no. 1,
012001 (2014) [arXiv:1404.4293 [hep-ph]].
[2] E. R. Nocera et al. [NNPDF Collaboration], Nucl. Phys. B 887, 276 (2014) [arXiv:1406.5539
[hep-ph]].
[3] N. Sato et al. [Jefferson Lab Angular Momentum Collaboration], Phys. Rev. D 93, no. 7,
074005 (2016) [arXiv:1601.07782 [hep-ph]].
[4] D. de Florian and W. Vogelsang, Phys. Rev. D 99, no. 5, 054001 (2019) [arXiv:1902.04636
[hep-ph]].
[5] J. Adam et al. [STAR Collaboration], Phys. Rev. D 99, no. 5, 051102 (2019)
[arXiv:1812.04817 [hep-ex]].
[6] A. Adare et al. [PHENIX Collaboration], Phys. Rev. D 98, no. 3, 032007 (2018)
[arXiv:1804.04181 [hep-ex]].
[7] D. de Florian and W. Vogelsang, Phys. Rev. D 81, 094020 (2010) [arXiv:1003.4533 [hep-ph]].
[8] R. K. Ellis, G. Martinelli and R. Petronzio, Nucl. Phys. B 211 (1983) 106.
26
[9] P. B. Arnold and M. H. Reno, Nucl. Phys. B 319 (1989) 37 [Erratum-ibid. B 330 (1990)
284].
[10] R. J. Gonsalves, J. Paw lowski and C. F. Wai, Phys. Rev. D 40 (1989) 2245.
[11] S. Catani, D. de Florian, G. Ferrera and M. Grazzini, JHEP 1512, 047 (2015)
[arXiv:1507.06937 [hep-ph]].
[12] W. Bizon et al., arXiv:1905.05171 [hep-ph].
[13] A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss and T. A. Morgan,
JHEP 1607, 133 (2016) [arXiv:1605.04295 [hep-ph]].
[14] R. Gauld, A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover and A. Huss, JHEP
1711, 003 (2017) [arXiv:1708.00008 [hep-ph]].
[15] R. Boughezal, J. M. Campbell, R. K. Ellis, C. Focke, W. T. Giele, X. Liu and F. Petriello,
Phys. Rev. Lett. 116, no. 15, 152001 (2016) [arXiv:1512.01291 [hep-ph]].
[16] R. Boughezal, X. Liu and F. Petriello, Phys. Rev. D 94, no. 7, 074015 (2016)
[arXiv:1602.08140 [hep-ph]].
[17] R. Boughezal, C. Focke, X. Liu and F. Petriello, Phys. Rev. Lett. 115, no. 6, 062002 (2015)
[arXiv:1504.02131 [hep-ph]].
[18] R. Boughezal, X. Liu and F. Petriello, Phys. Rev. D 94, no. 11, 113009 (2016)
[arXiv:1602.06965 [hep-ph]].
[19] A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss and D. M. Walker,
Phys. Rev. Lett. 120, no. 12, 122001 (2018) [arXiv:1712.07543 [hep-ph]].
[20] S. Chang, C. Coriano, R. D. Field and L. E. Gordon, Nucl. Phys. B 512, 393 (1998)
doi:10.1016/S0550-3213(97)00771-2 [hep-ph/9705249].
[21] M. Jamin and M. E. Lautenbacher, Comput. Phys. Commun. 74, 265 (1993).
doi:10.1016/0010-4655(93)90097-V
[22] V. Shtabovenko, R. Mertig and F. Orellana, Comput. Phys. Commun. 207, 432 (2016)
doi:10.1016/j.cpc.2016.06.008 [arXiv:1601.01167 [hep-ph]].
[23] V. Shtabovenko, Comput. Phys. Commun. 218, 48 (2017) doi:10.1016/j.cpc.2017.04.014
[arXiv:1611.06793 [physics.comp-ph]].
[24] G. ’t Hooft and M. J. G. Veltman, Nucl. Phys. B 44, 189 (1972). doi:10.1016/0550-
3213(72)90279-9
[25] P. Breitenlohner and D. Maison, Commun. Math. Phys. 52, 11 (1977).
doi:10.1007/BF01609069
[26] L. E. Gordon and W. Vogelsang, Phys. Rev. D 48, 3136 (1993).
doi:10.1103/PhysRevD.48.3136
27
[27] J. G. Korner, N. Nasrallah and K. Schilcher, Phys. Rev. D 41, 888 (1990).
doi:10.1103/PhysRevD.41.888
[28] A. J. Buras and P. H. Weisz, Nucl. Phys. B 333, 66 (1990). doi:10.1016/0550-
3213(90)90223-Z
[29] J. G. Korner, G. Schuler, G. Kramer and B. Lampe, Phys. Lett. 164B, 136 (1985).
doi:10.1016/0370-2693(85)90047-4
[30] S. A. Larin, Phys. Lett. B 303, 113 (1993) doi:10.1016/0370-2693(93)90053-K [hep-
ph/9302240].
[31] D. de Florian, R. Sassot, M. Stratmann and W. Vogelsang, Phys. Rev. D 80, 034030 (2009)
doi:10.1103/PhysRevD.80.034030 [arXiv:0904.3821 [hep-ph]].
[32] L. A. Harland-Lang, A. D. Martin, P. Motylinski and R. S. Thorne, Eur. Phys. J. C 75,
no. 5, 204 (2015) doi:10.1140/epjc/s10052-015-3397-6 [arXiv:1412.3989 [hep-ph]].
[33] D. de Florian, S. Frixione, A. Signer and W. Vogelsang, Nucl. Phys. B 539, 455 (1999)
doi:10.1016/S0550-3213(98)00673-7 [hep-ph/9808262].
28
